Reactive oxygen species (ROS), such as free radicals and peroxides, are environmental trace pollutants potentially associated with asthma and airways inflammation. These compounds are often not detected in indoor air due to sampling and analytical limitations. This study developed and validated an experimental method to sample, identify and quantify ROS in indoor air using fluorescent probes. Tests were carried out simultaneously using three different probes: 2',7'-dichlorofluorescin (DCFH) to detect a broad range of ROS, Amplex ultra Red® (AuR) to detect peroxides, and terephthalic acid (TPA) to detect hydroxyl radicals (HO •   ) . For each test, air samples were collected using two impingers in series kept in an ice bath, containing each 10 mL of 50 mM phosphate buffer at pH 7.2. In tests with TPA, that probe was also added to the buffer prior to sampling; in the other two tests, probes and additional reactants were added immediately after sampling. The concentration of fluorescent byproducts was determined fluorometrically. Calibration curves were developed by reacting DCFH and AuR with known amounts of H 2 O 2 , and using known amounts of 2-hydroxyterephthalic acid (HTPA) for TPA. Low detection limits (9 -13 nM) and quantification limits (18 -22 nM) were determined for all three probes, which presented a linear response in the range 10 -500 nM for AuR and TPA, and 100 -2000 nM for DCFH. High collection efficiency (CE) and recovery efficiency (RE) were observed for DCFH (CE = RE = 100%) and AuR (CE = 100%; RE = 73%) by sampling from a laboratory-developed gas phase H 2 O 2 generator. Interference of co-occurring ozone was evaluated and quantified for the three probes by sampling from the outlet of an ozone generator. The method was demonstrated by sampling air emitted by two portable air cleaners: a strong ozone generator (AC1) and a plasma generator (AC2). High ozone levels emitted by AC1 did not allow for simultaneous determination of ROS levels due to high background levels associated with ozone decomposition in the buffer. However, emitted ROS were quantified at the outlet of AC2 using two of the three probes. With AuR, the concentration of peroxides in air emitted by the air cleaner was 300 ppt of H 2 O 2 equivalents. With TPA, the HO
Introduction
Airborne reactive oxygen species (ROS) comprise free radicals such as hydroxyl (HO • ) and peroxyl (ROO • ), as well as superoxide (O 2
•-) and various peroxide species. These elusive trace pollutants are often not reported in indoor air samples due to challenges associated with their collection and analysis, but are considered to be critical "stealth" environmental pollutants potentially associated with asthma and airways inflammation [1, 2] . Several sampling and analytical methods using fluorescent probes have been developed recently to identify and quantify ROS in air samples. These methods have been applied to various outdoor and indoor air samples, laboratory-generated tobacco smoke and secondary organic aerosol particles from the ozone chemistry [3] [4] [5] [6] [7] [8] [9] [10] [11] .
However, accurate analytical determination of ROS is still challenging, due to the instability of probes and the potential interferences with other atmospheric species.
Furthermore, methods used successfully to determine high ROS concentration (such as those present in tobacco smoke and other combustion sources) may not be directly applicable to lower levels found in cleaner indoor air.
Hydroxyl radicals, peroxides and other ROS are produced in photochemically-initiated reactions, and show peak concentrations during the day in outdoor air [12] . However, the lifetime of these outdoor pollutants is too short to enable transport to indoor environments by ventilation or infiltration. Reactions with surfaces at the building envelope, indoor materials and furnishings provide an effective protection to occupants against the most reactive ROS present in outdoor air. On the other hand, various sources can contribute to the formation of ROS indoors: open combustion sources (e.g., cooking, smoking), ozone-initiated indoor chemistry and emission by "air purifying" devices whose principle of action is based on advanced oxidation processes (AOPs).
Considering the latter, there is a growing interest in the use of non-thermal plasma for air cleaning applications. Microplasma systems of small size and low discharge voltage have shown good efficiency in the elimination of indoor air pollutants such as formaldehyde, albeit with simultaneous formation of ozone [13] . In general, plasma is effective in removing aerosol particles, but it has only limited efficiency in elimination of 4 VOCs, while the formation of ozone and NO x limits its applicability [14] . However, the combination of plasma with photocatalytic oxidation (PCO) shows an interesting synergism by integrating the fast kinetics of chemical processes initiated by the plasma with the more complete mineralization achieved by photocatalysis [15] . In addition, combined plasma and PCO systems were shown to be effective in the combined elimination of particulates (by the plasma) and gaseous pollutants (by the PCO, including the ozone produced by the plasma) [16] . The proposed mechanisms for the degradation of toluene by non-thermal plasma (DC corona discharge) showed the predominant role of HO
• in the initiation and propagation steps through addition to the aromatic ring and H-atom abstraction [17] . Plasma air cleaners were also shown to be effective in microbial inactivation [18, 19] . Other air cleaning technologies may also potentially emit ROS, including those using ceramics and transition metal oxides to adsorb and/or remove formaldehyde at room temperature [20, 21] and those aimed at microbial inactivation at high temperatures [22] [23] [24] . The later involves combination with ceramic and zeolite substrates [25, 26] .
Fluorescent methods have been applied to the detection of ROS formed in radiation chemistry, sonochemistry, biochemistry, and on aqueous advanced oxidation processes such as PCO and photo-Fenton reactions. The fluorescence technique has been used with coumarin or terephthalic acid to detect HO • production in PCO [27] . The method is rapid, sensitive, specific and uses simple standard instrumentation; once formed, the fluorescent product is stable and does not affect the normally occurring HO • reactions.
In this article, three different methods are described to determine trace ROS in indoor air using florescent probes. One of the probes, 2',7'-dichlorofluorescin (DCFH) was sensitive to a broad spectrum of ROS, while the other two were specific to peroxides (Amplex ultra Red®, AuR) or hydroxyl radical (terephthalic acid, TPA). The methods were validated by quantifying H 2 O 2 (g) emitted in the laboratory, which allowed for comparison of their sensitivity, specificity, collection and recovery efficiencies.
Interferences with ozone were also evaluated. The methods were further tested by determining the concentration of ROS emitted by two different portable air cleaners. 5 
Experimental

Fluorescent probes and other reactants
The three different florescent probes used in this study are described in Figure 1 and in For the TPA test, stock solutions for 2.5 mM HTPA and 0.5 M TPA in NaOH 0.1 M were prepared by directly dissolving the solid reactants in phosphate buffer. 6 All stock solutions (except 1 mM AuR) were stored in a refrigerator at 2-6 °C without showing appreciable degradation (i.e., changes in fluorescence spectra) after a month.
The fluorescence intensity of all standards and samples collected in the tests was measured using a filter spectrofluorimeter (TD7000, Turner Design, San Jose CA) at the corresponding emission and excitation wavelengths summarized in Table 1 , using 20-nm bandwidth filters. Blanks prepared using all the reactants except the fluorescent probe were carried out, and their fluorescence intensity was deducted from calibration levels on each test.
Development of calibration curves
The . In this case, the reaction was almost instantaneous, and samples were equilibrated at room temperature in the dark for only 3 to 5 minutes. The fluorescent intensity was measured before 30 minutes, and the signal was confirmed to be stable for at least 40 minutes. Figure 2 shows measurements taken at different times to determine the duration of the equilibration period required for the reaction to be completed and the stability of the fluorescent signals for these two probes.
In the case of TPA tests, calibration curves were developed using directly the fluorescent species, HTPA, the ROS-induced compound. Dilutions were prepared from 7 a stock HTPA solution of 2.5 mM, in the range 10 -500 nM. Figure 3 presents the calibration curves prepared for each of the three fluorescent probes.
The analytical and statistical parameters for these calibrations are presented in Table 2 .
All calibration curves were successfully adjusted by a linear correlation with R 2 0.98.
The detection limit (DL) and quantification limit (QL) were calculated for each probe, based on instrumental response. The instrumental limits were calculated as three (DL) or five (QL) times the standard deviation of the blank. In all cases, DL and QL obtained were in good agreement with those showed in prior studies using the same probes (see references in Table 1 ). The good reproducibility for each method is reflected by the low Slope Relative Standard Deviation (RSD), which were in all cases lower than 7%.
Finally, it was observed that the reaction time of AuR was significantly faster than that of DCFH, and that the fluorescent product was more stable. Figure 4 . A controlled flow of clean air ("zero" quality, Praxair, CA) was bubbled first through a water column to achieve saturation, and then through a gas sparger consisting of a glass column provided with a porous frit was placed in a 5-mL volumetric flask, the reactants (including the fluorescent probe)
Development of the ROS sampling method
were added immediately after sampling, and the fluorimetric assays were carried out following the same procedure described above for the calibration standards. For the TPA test, 10 mL of 0.5 mM TPA in 50 mM phosphate buffer (pH 7.2) solution was placed in each impinger. In this case, the fluorimetric determination was carried out without further dilution of the collected sample. In all cases the corresponding blanks were prepared by bubbling "zero quality" clean air into the impingers containing the corresponding probes. A calibration curve for each probe was also prepared and analyzed simultaneously.
Effect of ozone on ROS sampling
Often, ROS sampling takes place in the presence of atmospheric ozone. For that reason, this study evaluated potential sampling artifacts that can be attributed to the presence of ozone. Experiments were carried out for each of the three probes. In each case, two impingers in series containing the corresponding sampling buffers were connected downstream of an ozone generator (OG-2, UVP, Upland CA), which was fed with "zero" quality clean air to produce controlled gas phase concentrations of O 3 in the range 13 -470 ppbv. The low-end of this range corresponded to typical indoor ozone values, and the high-end to levels that may be reached in a small indoor space using a commercial ozone-generating air cleaning device. In all cases, 50 -60 L samples were collected by drawing air at rates of 0.85 -0.75 L min -1 . Ozone concentrations were determined using a photometric ozone analyzer (Advanced Pollution Instrumentation
Inc., San Diego CA), and ROS were quantified fluorometrically in duplicate determinations following the above-described protocol. . Custom-made aluminum foil ducting was used to ensure that air exiting each device was not mixed with room air prior to sampling. A 3-mL aliquot of the collected sample was used at the end of each test to determine the amount of ROS emitted by each air cleaner and by the ozone generator as described above.
Results and Discussion
Collection and recovery efficiencies
In the experiment using the stable H 2 O 2 source, and assuming that the gas/liquid partitioning was achieved instantaneously, the aqueous peroxide concentration, [ concentrations determined with data from the first and the second impinger, respectively (as described below in more detail). Results reported in Table 3 show that, for DCFH and AuR, the collection efficiency was CE = 100%, indicating that there was no breakthrough of analyte to the second impinger under the working conditions.
Furthermore, the tests also showed excellent recovery efficiencies (RE) for both probes, as determined by: 
Ozone interferences
Ozone has a complex chemistry in aqueous solution that, under most conditions, leads to the formation of hydroxyl radicals, peroxides and superoxide [29] . These species can react with one or more of the fluorometric probes and cause sampling interferences. A simplified scheme illustrating the main chemical processes is shown in Figure 5 .
The results of laboratory tests to evaluate the effect of ozone in ROS sampling are illustrated in Figure 6 . The total amount of O 3 (from an ozone generator) bubbled through the impingers is plotted against the equivalent aqueous hydrogen peroxide 
In all cases, linear trends with slope m and intercept b were derived, as reported in When temperature increased, the total amount of dissolved ozone decreased and, with it, the amount of ROS generated in the impingers.
Determination of ROS emitted by two portable air cleaners
The results corresponding to tests carried out with the two air cleaners are presented in cleaner. While the other two methods showed a slightly higher signal for the air cleaner than for the ozone generator, the relative differences were only 6% for TPA and 11% for AuR, which were of the same order of the experimental error.
In the case of the air cleaner AC2 (plasma generator), the concentration of ozone measured at the outlet was much lower, 36 ± 14 ppb. Similarly to results observed for AC1, the ROS expected signal for DCFH was higher than that for the air cleaner.
However, measurements for the other two probes (TPA and AuR) showed ROS levels for emissions from the air cleaner that were significantly higher than background levels at the same ozone concentration (43% and 31% higher, respectively, see Figure 8 ). In consequence, the contribution of airborne ROS from AC2 could be estimated by subtracting the value determined with the air cleaner from the contributions predicted from ozone decomposition.
The quantification of ROS emissions by AC2 is summarized in Table 4 . Values were determined as follows:
AuR
The aqueous peroxide equivalent concentration corresponding to ROS emitted by the plasma process, [H 2 O 2 ] eq (aq, plasma), was determined by subtracting the expected ROS produced from O 3 decomposition from the value determined from the air cleaner:
The number of moles of peroxide emitted to the gas phase, n H2O2 was calculated by multiplying this value by the volume of buffer used to collect the sample (V = 10 mL), as follows:
The gas phase concentration (in part-per-trillion units, ppt) was calculated as:
where V m is the the molar volume of air at standard conditions of temperature and pressure (22.4 L mol -1 ), and V air is the volume of air sampled (in L).
TPA
The aqueous HTPA concentration corresponding to ROS emitted by the plasma process, [HTPA] (aq, plasma) was determined by subtracting the expected ROS produced from O 3 decomposition from the value determined from the air cleaner: 
The number of moles of hydroxyl radicals emitted to the gas phase, n HO was calculated by multiplying this value by the volume of buffer used to collect the sample, as follows:
and the concentration of HO • radicals in the gas phase (in part-per-trillion units, ppt) was calculated as: 12 HO [HO ] (g) 10 n
The levels reported in Table 4 , measured directly at the outlet of the devices, can be considered an upper limit for indoor concentrations, since additional losses may occur 15 due to fast deposition to indoor surfaces and gas phase reactions. These levels can be put into perspective by comparing with levels of H 2 O 2 and HO • radicals reported in indoor and outdoor air. Hydrogen peroxide concentrations between 500 ppt and 3.5 ppb have been reported in urban air, mainly in the gas phase [4] . Similar levels of up to 5
ppb have been reported in non-urban tropospheric measurements [30] . Considering indoor environments, gas phase peroxides, generated from reaction of ozone with dlimonene in an office with a strong ozone source, have been measured in the range 0.6 -1.5 ppb [31] . These reported indoor and outdoor levels are of the same magnitude as those measured in this study for the air cleaner AC2. Unfortunately, the high background levels prevented us to measure ROS emissions from AC1. In that case, it is likely that peroxide emissions occurring simultaneously with ozone emissions were of similar magnitude or higher than those from ozone-terpene chemistry.
In the case of hydroxyl radicals, typical daytime outdoor levels are ~10 6 cm -3 (~10 -1 ppt), and peak above ~10 7 cm -3 (~1 ppt) in polluted urban atmospheres [32] . While outdoor/indoor transport is negligible due to their very low lifetimes, indoor levels are often in the range of 10 5 cm -3 , due mostly to indoor sources [33, 34] . However, recent studies reported higher levels that approach those measured outdoors [35] . In chamber studies with high ozone and terpene concentrations, HO • radical concentrations of up to ~10 7 cm -3 (~1 ppt) were measured [36] . In this study, assuming that radical species reacting with TPA were exclusively HO • radicals, values measured directly at the outlet of the plasma generator (AC2) were between one and two orders of magnitude higher than HO
• levels recorded in outdoor air. It is expected that these concentrations will be reduced rapidly in indoor environments due to recombination processes in the gas phase, reactions with VOCs and with indoor surfaces. However, breathing air in the proximity of the device -where samples for this study were taken-will likely lead to exposure to elevated levels of HO • radicals.
Conclusions
This study developed and validated an experimental approach to compare several analytical methods that measure ROS in indoor air using fluorescent probes. Different reactivity and specificity for each probe towards different ROS species was demonstrated. It also developed a simple and reliable validation process using H 2 O 2 gas phase and demonstrated that ROS can be detected in the air emitted by portable air purifiers. The methods described here are useful to quantify high levels of indoor ROS, such as those emitted by certain air cleaning devices, particularly in the absence of high ozone levels. It should be kept in mind that ozone interferences may lead to misclassifications and "false positive" ROS determinations. For that reason, these probes should also be used in combination with conventional ozone measurements and can be powerful analytical tools to elucidate mechanisms of AOTs either in the gas or in the aqueous phase. 
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